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Abstract: Soliton operation and soliton wavelength tuning
of erbium-doped fiber lasers mode locked with atomic layer
graphene was experimentally investigated under various cavity
dispersion conditions. It was shown that not only wide range
soliton wavelength tuning but also soltion pulse width variation
could be obtained in the fiber lasers. Our results show that the
graphene mode locked erbium-doped fiber lasers provide a com-
pact, user friendly and low cost wavelength tunable ultrahsort
pulse source.
Graphene mode locked wideband tunable output spectra from
1570 nm to 1600 nm
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1. Introduction
Since its first isolation in 2004 [1], graphene has become
one of the most shining materials and is now at the hub of
scientific research. Graphene is a single two dimensional
atomic layer of carbon atoms forming a honeycomb crys-
tal lattice. It is a semiconductor that has a zero-bandgap
and a linear energy dispersion relation for both electrons
and holes [1]. Due to its novel quantum and transportation
properties, grapheen has been intensively exploited for the
high speed electronic devices applications [2]. However,
graphene also possesses excellent photonic properties. It
has been shown that graphene absorbs a constant fraction
of 2.3% over a broad wavelength range from visible to the
infrared, despite of the fact that it has only single atomic
layer. This is an unexpectedly large absorption, consider-
ing that a 10 nm thick GaAs quantum well only absorbs
about 1% light with the near-gap frequency. Recently, the
ultrafast carrier dynamics of graphene was experimen-
tally investigated [3]. It was shown that the carrier relax-
ation processes in graphene have ultrafast time constants.
In view of the unique broad band absorption property of
graphene, Xia et al. have firstly fabricated an ultra-fast
graphene based photo-detector with ultrafast response [4];
In previous papers we have also experimentally demon-
strated that the wideband absorption of graphene could be-
come saturated under intensive illumination [5,6,7,8,9].
Taking advantage of the saturable absorption property of
graphene, we have further demonstrated mode-locking of
an erbium-doped fiber laser and a diode-pumped Nd:YAG
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ceramic laser, operating at the wavelength of 1.56 m and
1064 nm, respectively, with few layer graphene [9]. We
fabricated graphene-polymer nano-composite membrane
to achieve soliton mode locking with per-pulse energy
up to 3 nJ in anomalous dispersion cavity [8] and used
atomic layer graphene to obtain large energy mode lock-
ing with single pulse energy as high as 7.3 nJ [7]. However,
wavelength-tunable graphene based mode locking in vari-
ous dispersion regimes have not been reported. Although
we had indeed experimentally studied whether semicon-
ductor saturable absorber mirrors (SESAMs) could show
the ability of wide-band tunable mode locking in reference
[10], unfortunately, we only observed very limited tun-
ing regime, which can be traced back to the saturable ab-
sorption principle of SESAMs. In contrast with the nowa-
days dominant SESAMs whose operation bandwidth are
severely limited by the energy band-gap, graphene could
be operated as a wideband saturable absorber with band-
width broader than any other known material because of its
unique electronic band-gap structure together with the cen-
tral role of Pauli blocking in bleaching the light absorption.
Our experiments clearly show that this advantage could
render graphene rich applications in wavelength-tunable
mode locked lasers.
Wide range wavelength tunable mode locked lasers
have widespread applications in laser spectroscopy, bio-
imaging, and scientific researches. Although wavelength-
tunable mode-locked lasers can be realized with the active
mode locking technique, which is generally done by in-
serting an electro-optic modulator in the laser cavity, due
to the bandwidth limitation of the modulator, the mode
locked pulses thus obtained have broad pulse width. In
addition, actively mode locked lasers are bulky and ex-
pensive. It is attractive if user-friendly, compact, low cost
wavelength tunable mode locked lasers could be devel-
oped. Passively mode-locked soliton fiber lasers have the
advantages of compact and low cost. It could also emit
mode locked pulses with excellent pulse stability, low time
jittering, ultra-short pulse width. Although passively mode
locked fiber lasers have been extensively investigated in
the past, recently it has also been shown that with the dis-
sipative soliton formation technique, large energy mode
locked pulses could be formed in the lasers [11], it still
remains as a challenge to simultaneously achieve large
energy ultrashort pulse generation and broadband wave-
length tuning in the lasers. We note that L. E. Nelson
et al. had demonstrated a wide range wavelength tunable
erbium-doped fiber laser mode locked with the nonlinear
polarization rotation technique (NPR). It was shown that
through inserting a quartz birefringence plate in the cav-
ity and changing the orientation of the plate, wide range
wavelength tuning of the formed solitons could be ob-
tained [12]. However, in their laser due to the intrinsic peak
clamping effect of the NPR technique, the solitons formed
in their laser have only small pulse energy. Recently, using
the mixed diameter single wall carbon nanotubes as a sat-
urable absorber, F. Wang et al. demonstrated a wide range
wavelength tunable soliton erbium-doped fiber laser [13].
Although SWCNTs with uniformly distributed diameters
and chiralities can have broadband saturable absorption,
an intrinsic drawback of the saturable absorber is that it
has large non-saturable losses.
Graphene has intrinsically broadband saturable ab-
sorption. In this letter, we show experimentally that
one can exploit the broadband saturable absorption of
graphene to construct wide range wavelength tunable
mode locked fiber lasers. Graphene mode locked erbium-
doped fiber lasers with various cavity dispersions were
experimentally constructed, whose operation and wave-
length tuning properties were experimentally investigated.
We show that either the wavelength tunable transform-
limited pulses or the large frequency chirped pulses could
be generated.
2. Experimental setups
It is well-known that the erbium-doped fibers have a broad
gain bandwidth of about 30nm in the 1550nm wavelength
band [12]. Making use of the broad gain bandwidth of the
erbium-doped fibers, we have experimentally constructed
three different cavity dispersion erbium-doped fiber lasers,
with the cavity dispersion varies from the all anomalous
dispersion, to the near zero net cavity dispersion, and the
all normal cavity dispersion. We would like to compare
the mode locking operation of the lasers and their wave-
length tuning performance. Fig. 1 shows a schematic of
the fiber laser configuration. All the fiber lasers have a ring
cavity, which comprises the erbium-doped fiber (EDF)
as the gain medium and either the standard single mode
fiber (SMF) or the dispersion compensation fiber (DCF)
to form other parts of the cavity. A polarization indepen-
dent isolator was used to force the unidirectional opera-
tion of the ring cavity. An intra-cavity polarization con-
troller (PC) was used to adjust the cavity birefringence,
and a 10% fiber coupler was used to output the laser emis-
sion. The laser was pumped by a high power Fiber Raman
Laser of wavelength 1480 nm. The few-layer graphene
was used as the saturable absorber to mode lock the laser.
The graphene saturable absorber was inserted in the cav-
ity through transferring a piece of free standing few-layer
graphene film onto the end facet of a fiber pigtail via the
Van der Walls force. Details on the graphene or graphene-
polymer nanocomposite thin-film preparation and charac-
terization were reported in [5]. At first the soliton oper-
ation and wavelength tuning of an all-anomalous disper-
sion cavity erbium-doped fiber laser was investigated. In
this case the 6.5 m EDF with a group velocity dispersion
(GVD) parameter of 10 (ps/nm)/km, and a total length of
9.0 m SMF with GVD parameter of 18 (ps/nm)/km were
used to construct the cavity, and the total cavity disper-
sion is estimated at ∼-0.293 ps2. To change the cavity dis-
persion, we then replaced the anomalous dispersion EDF
with a piece of 5 m normal dispersion EDF with GVD pa-
rameter of -32 (ps/nm)/km). Through varying the length
of the SMF, we have adjusted the net cavity dispersion
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Figure 1 Schematic of the graphene mode locking fiber laser
within different dispersion regimes. WDM denotes: wavelength
division multiplexer, EDF denotes erbium-doped fiber, PC de-
notes polarization controller.
of the fiber laser. With a SMF length of 20.5 m, we es-
timate that the total net cavity dispersion is ∼-0.0026 ps2.
Finally, we have replaces the SMF in the cavity with the
dispersion compensation fiber (DCF) with GVD parame-
ter of -2 (ps/nm)/km and constructed an all-normal disper-
sion cavity erbium-doped fiber laser. With a DCF length of
9 m, the total dispersion of the all-normal cavity is about∼
0.231ps2. To achieve wavelength tuning of a mode locked
laser, conventionally a tunable bandpass filter is inserted in
the cavity to limit the effective laser gain bandwidth [13].
In our experiments in order to simplify the laser config-
uration, we have made use of the intrinsic artificial bire-
fringence filter effect of the lasers [10]. To this end we
intentionally introduced strong cavity birefringence into
the laser cavities through over bending the fibers looped
in polarization controller. In this way, the artificial bire-
fringence filter effect of the cavity becomes no longer ig-
norable. Consequently, through changing the orientation
of the intra cavity PC, the effective gain peak of the laser is
shifted, and eventually the wavelength of the mode locked
pulses is tuned.
3. Experimental results
Operation of erbium-doped fiber lasers passively mode
locked by either conventional NPR technique or SESAM
in various cavity dispersion regimes were intensively in-
vestigated previously [14,15,16,17,18,19,20,21,22,23].
It is well-known that in the anomalous cavity dispersion
regime, the nonlinear Schrodinger equation type of soliton
will be formed in the fiber laser, due to the natural balance
between the anomalous cavity dispersion and fiber non-
linear optical Kerr effect, while in the large normal cav-
ity dispersion regime, a dissipative soliton whose dynam-
ics is described by the extended Ginzburg-Landau equa-
tion will be formed [24], and the formation of the soli-
ton is a result of the mutual nonlinear interaction among
the normal cavity dispersion, fiber Kerr nonlinearity, and
the effective laser gain bandwidth filtering [23], moreover,
in the regime of near zero cavity dispersion, the so called
dispersion-managed solitons will be formed, which have a
characteristic Gaussian pulse profile and power spectrum
[25].
3.1. Pure anomalous dispersion cavity
Under graphene mode locking, we found that similar fea-
tures of the soliton operation of the erbium-doped fiber
lasers could be experimentally observed. Fig. 2a shows
the mode locked solitons spectra and the soliton wave-
length tuning obtained in the all-anomalous dispersion
cavity fiber laser. The observed soliton spectra exhibit
clear NLSE soliton features, characterized by the clear ap-
pearance of the Kelly sidebands. The laser has a mode
locking threshold of about 100 mw. Once the soliton oper-
ation state is obtained, adjusting the orientation of the po-
larization controller, the wavelength of the solitons could
be continuously tuned from 1560 nm to 1570 nm. The 3-
dB bandwidth of the spectra is about 4.1 nm, which was
almost unchanged as the central wavelength of the soli-
ton was tuned. Fig. 2b shows the measured autocorrelation
trace of the solitons. It has a FWHM width of about 1.0
ps. Assume a sech2 pulse profile, the actual pulse width
is about 655 fs. The time-bandwidth product (TBP) of the
pulses is 0.335, indicating that they are transform-limited.
3.2. Near zero dispersion cavity
Operating in the near zero net cavity dispersion regime,
the mode locking of the laser became difficult to achieve
than in an anomalous dispersion fiber laser. It is compul-
sory to fine-tune the polarization controllers for starting
the mode locking. However, once the laser is mode locked,
the state can be maintained for long time. Fig. 3a shows
the optical spectra and their wavelength tuning as the ori-
entation of the intracavity PC was changed. The pulses
have smooth spectrum, and as the orientation of the intra
cavity PC was tuned, the central wavelength of the spec-
tra could be continuously tuned from 1570 nm to 1600
nm. The mode locked pulse spectra have a near-Gaussian
profile, suggesting that they are the dispersion-managed
solitons [25]. The 3dB spectral bandwidth of the solitons
varied under different central wavelengths, changed from
∼5.7 nm to∼15.3 nm, and the corresponding soliton pulse
width changed from ∼650 fs to ∼240 fs measured using
a commercial autocorrelator (FR-103MN). Fig. 3b shows
the measured autocorrelation trace of the narrowest pulses.
It has a pulse with of ∼240 fs. The soliton spectrum is
centered at ∼1598 nm, and the corresponding 3 dB spec-
tral bandwidth is ∼15 nm, which gives a time-bandwidth
c© by ASTRO, Ltd.
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Figure 2 Mode locking performance in pure anomalous disper-
sion cavity. (a) Wideband output spectra from 1560 nm to 1570
nm and inserted numbers indicates the corresponding peak wave-
lengths. (b) Autocorrelation trace.
product about 0.45. The result indicates that the solitons
are close to transform-limited.
3.3. All normal dispersion cavity
Finally, we operated the laser in the all-normal dispersion
cavity regime. In the all-normal dispersion regime, dis-
sipative solitons characterized by the characteristic steep
spectral edges are always obtained. Fig. 4a shows the soli-
ton spectra and the wavelength tuning of the dissipative
solitons observed. Continuous wavelength-shift as large
as ∼30 nm has been obtained. The 3 dB spectral band-
width of the solitons varied with the central wavelength,
changed from ∼3.0 nm to ∼6.0 nm, and the correspond-
ing soliton pulse width changed from ∼ 150 ps to ∼70
ps, which was measured with a 50 GHz high-speed os-
cilloscope (Tektronix CSA 8000) together with a 45 GHz
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Figure 3 Mode locking performance in net-zero dispersion cav-
ity. (a) Wideband output spectra from 1570 nm to 1600 nm. (b)
Autocorrelation trace of the narrowest output.
photo-detector (New Focus 1014). Fig. 4b shows a mea-
sured high-speed oscilloscope trace. It has a pulse width
∼150 ps, its central wavelength is at ∼1572 nm, and the
3 dB spectral bandwidth is ∼3.1 nm. The time-bandwidth
product of the pulses is ∼58.1, indicating that the pulses
are strongly chirped.
4. Discussion
Independent of the cavity dispersion, our experimental re-
sults have shown that under the graphene mode locking,
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Figure 4 Mode locking performance in normal dispersion cav-
ity. (a) Wideband output spectra from 1570 nm to 1600 nm. (b)
Autocorrelation trace of the broadest output.
continuous soliton central wavelength tuning of the laser
emission could be obtained. A maximum soliton wave-
length shift as large as ∼30 nm has been achieved in our
experiments and the value of the maximum wavelength
shift is limited by the effective gain bandwidth of the laser.
In addition of the soliton central wavelength tuning, our
experimental result have also shown that depending on the
laser cavity design and its dispersion, the obtained stable
soliton pulse width can also be varied in a wide range,
from ∼240 fs to ∼150 ps in our experiments. The result
demonstrates from another aspect the robustness of the
graphene mode locked fiber lasers in terms of flexible op-
tical pulse generation. We note that wavelength-tunable fs-
to-ps, transform-limited to large frequency chirped pulses
have widespread applications in many fields. The demon-
strated graphene mode locked soliton fiber laser systems
provide a user-friendly and cost effective solution for such
a light source.
5. Conclusion
In summary, graphene is a remarkable nano-material
with broadband, controllable saturable absorption. Taking
advantage of the broadband saturable absorption of
graphene and the artificial cavity birefringence filter effect
of fiber ring cavity, we have constructed wide range
wavelength tunable erbium-doped soliton fiber lasers. We
have shown that operating at different cavity dispersion
regimes, not only the soliton wavelength could be tuned
in a wider range, but also the soltion pulse width could be
varied from the picosecond level to the femtosecons level.
Our experimental results show that the graphene mode
locked erbium-doped fiber lasers provide an easy way to
generate stable ultrashort optical pulses with the desired
pulse properties.
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